Turbulence Intensity and Integral Turbulent Scales on a Stepped Spillway in Skimming Flows by Chanson, Hubert & Stefan Felder
Turbulence intensity and integral turbulent scales on a stepped spillway 
in skimming flows 
 
S. Felder & H. Chanson 
Department of Engineering, University of Aberdeen, Scotland (Formerly research scholar in Civil 
Engineering, The University of Queensland, Brisbane QLD 4072, Australia), stefan.felder@web.de 
Division of Civil Engineering, The University of Queensland, Brisbane QLD 4072, Australia, 
h.chanson@uq.edu.au 
 
 
 
ABSTRACT: Stepped spillways are a form of flood release facility. Flows down stepped spillways are 
characterised by a high rate of energy dissipation. They are however characterised by complex turbulent 
processes. Physical experiments were conducted on a large-size stepped spillway model at the University of 
Queensland operating with large discharges: i.e., for a skimming flow regime. Extensive measurements were 
conducted to provide a better understanding of the interactions between mainstream turbulence, step cavity 
recirculation and free-surface aeration. The present study focused on the turbulence properties including 
turbulence intensity and integral turbulent scales. Downstream of the inception point of free-surface aeration, 
the distributions of turbulence intensities highlighted an alternation of vertical profiles every two step edges 
linked with some form of vortex shedding. The distributions of integral turbulent time and length scales were 
measured at several step edges for several discharges. The results highlighted the strong turbulence levels and 
turbulent dissipation in the intermediate flow region defined as 0.3 < C < 0.7. This region within the bulk of 
the flow played an important role in terms of energy dissipation. The results demonstrated some characteristic 
maxima of integral turbulent scales and self-similar relationships between some characteristic dimensionless 
integral turbulent scales and the Reynolds number. 
 
 
1 INTRODUCTION 
For large flood events, a dam needs a flood release 
facility to prevent dam overtopping and the failure of 
the structure. The flood discharge structure must 
dissipate the kinetic energy of the flow to avoid 
damage to the river banks and to the dam wall. One 
type of flood release facility is the stepped spillway 
design. Its construction is compatible with simple 
and economic dam construction techniques such as 
RCC and gabions (Figure 1). A stepped spillway is 
characterised by a high rate energy dissipation which 
yields the construction of smaller and cheaper 
downstream stilling basins (CHANSON 2001). 
The steps are large rough elements that cause a 
significant flow resistance and increase the flow 
aeration. This aeration is a characteristic feature of 
all stepped spillway flows and it is linked with the 
whitish colour of the air-water flow, commonly 
described as "white waters". In high-velocity flows 
on spillways, air entrainment occurs naturally and its 
effect on the flow properties must be taken into 
account. Basic air-water flow parameters include the 
air concentration, or void fraction C, and the 
equivalent clear water flow depth 
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where Y90 is the depth normal to the spillway surface 
where the air concentration C is 90% and y is the 
distance normal to the pseudo-bottom formed by the 
step edges (CAIN & WOOD 1981).  
At the upstream end of the spillway, the flow is 
smooth and transparent. Above the steps, however, 
turbulence is generated and a boundary layer 
develops. When the outer edge of the boundary layer 
reaches the free-surface, free-surface aeration 
occurs. Downstream, some air is continuously 
entrained by the action of a multitude of irregular 
vortices acting next to the free-surface. It is well 
accepted that free-surface aeration occurs when the 
turbulence level is large enough to overcome surface 
tension (CHANSON 1997). 
For relatively large discharges, the water flows down 
the stepped cascade as a coherent stream: i.e., the 
skimming flow (RAJARATNAM 1990, CHANSON 
2001). The step edges form a pseudo-bottom over 
which the waters skim (Figure 2). Beneath the 
pseudo-bottom formed by the step edges, intense 
recirculating vortices develop. 
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Figure 1. Construction of the Meander dam (Aus.) on 27 
February 2007 (Courtesy of the Tasmanian Rivers & Water 
Supply Commission) - Note the precast concrete steps to assist 
the RCC placement and the right abutment plinth construction 
 
 
Figure 2. Skimming flow regime on the stepped spillway model 
of the present study, side view of experimental section (flow 
from left to right)  
 
The cavity recirculation is maintained through the 
transmission of shear stress from the main stream 
flow, and a large proportion of the kinetic energy is 
dissipated in this process (CHANSON 1994, 
OHTSU et al. 2004). 
High-velocity skimming flows above stepped 
spillways are however complicated and the physical 
flow mechanisms are not well known. The present 
study focused on some turbulence properties in air-
water skimming flows above moderate slope stepped 
spillways. It is the purpose of this contribution to 
provide a better understanding of the complex 
interactions between mainstream turbulence, step 
cavity recirculation and free-surface aeration based 
upon physical experiments conducted in a large-size 
facility. 
 
 
2 OUTLINE OF THE EXPERIMENTAL STUDY 
New experiments were conducted at the University 
of Queensland, Brisbane (Australia) in a large-size 
stepped spillway model with a 1 m wide channel 
equipped with 20 flat steps with heights of 5 cm and 
lengths of 12.5 cm. The chute slope (21.8°) is typical 
of embankment dam slopes. The experiments were 
performed in the skimming flow regime with 
discharges per unit width qw ranging from 0.044 to 
0.173 m2/s. Based upon a Froude similitude, the 
corresponding dimensionless discharge dc/h was 
between 1.15 and 2.9, where dc is the critical flow 
depth 
 
3 2= gqd wc , (2) 
 
with g the gravity acceleration and h the step height. 
The Reynolds numbers wHw DV ××=Re  were 
between 1.74 105 and 6.89 105, where DH is the 
hydraulic diameter, w is the water density, w is the 
dynamic viscosity and V is the flow velocity. Table 1 
summarises the experimental conditions. 
 
qw
[m²/s] 
dc/h Re Instrumentation Inception 
point
0.044 1.15 1.74×105 Two single-tip probes  
Double-tip probe 
6 to 7 
0.078 1.7 3.10×105 Double-tip probe 9 to 10 
0.122 2.3 4.85×105 Two single-tip probes  
Double-tip probe 
14 to 15 
0.147 2.6 5.83×105 Double-tip probe 15 to 16 
0.173 2.9 6.89×105 Two single-tip probes  
Double-tip probe 
17 to 18 
Table 1. Experimental flow conditions of the present study 
 
Two types of phase detection intrusive probes 
(needle tip design) were used: either two identical 
single-tip conductivity probes with an inner 
electrode sensor size of 0.35 mm, or a double-tip 
conductivity probe with an inner electrode of 0.25 
mm. These probes were designed to pierce the air 
bubbles and water droplets and the phase detection 
principle was based upon the different electrical 
resistivity of air and water (CHANSON & CAROSI 
2007b). When an air bubble passed the probe-tip, the 
current between the electrodes stopped and the 
voltage decreased suddenly. Each sensor was 
sampled for 45 seconds with a sampling rate of 20 
kHz yielding 900,000 data per probe sensor per 
sampling location. 
The single-tip conductivity probes were used to 
measure the basic air-water flow properties. One 
probe, the reference probe, was positioned on the 
channel centreline (z = 0) the second probe sensor 
was located at the same longitudinal and normal co-
ordinates (x, y), but was separated by a transverse 
distance z from the reference probe tip. The 
separation distance z was systematically varied 
from 3.6 mm to 60.3 mm (Figure 3). A signal 
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processing based on a single threshold technique 
yielded the void fraction, bubble count rate F and 
chord size distributions (TOOMBES 2002). 
 
Figure 3. Two single-tip probes with transverse distance z = 
8.5 mm 
 
Further measurements were conducted with the 
double-tip conductivity probe at all step edges 
downstream of the inception point for all discharges. 
The probe consisted of two identical tips, the 
leading, reference tip, and the trailing tip seperated 
by a streamwise distance x of 7 mm. The 
successive detection of every bubble by each probe 
sensor was highly improbable, because of the 
turbulent flow characteristic. Indeed the fluid motion 
in this turbulent flow was characterised as an 
irregular condition flow in which the various 
quantities showed a random variation with time and 
space coordinates.  
Therefore a cross-correlation technique was used to 
determinate the advection parameters (CROWE et al 
1998, CHANSON 2002). Auto- and cross-
correlation analyses of the simultaneously sampled 
raw signals of the two probe sensors yielded the 
interfacial velocities V, which were the time-
averaged velocities, and some information about the 
velocity fluctuations at all measured locations above 
channel bed y. CHANSON & TOOMBES (2002) 
derived an expression for the interfacial velocity 
fluctuation, and the turbulence intensities Tu were 
calculated as: 
T
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where the travel time T is the time for which the 
cross-correlation function is maximum, 0.5 is the 
time scale for which the cross-correlation function is 
half of its maximum value such as: Rxz(T+0.5) = 
0.5×Rxz(T), Rxz is the normalised cross-correlation 
function, and T0.5 is the characteristic time for which 
the normalised auto-correlation function equals: 
Rxx(T0.5) = 0.5. 
Following MURZYN et al. (2006) and CHANSON 
(2007) on hydraulic jumps, and CHANSON & 
CAROSI (2007a,2007b) on a stepped spillway 
model, integral turbulent time and length scale 
measurements were performed with the array of two 
single-tip conductivity probes. Some typical raw 
signal outputs of two simultaneously sampled single-
tip sensors are shown in Figure 4 for the same 
discharge and at the same location but with a 
transverse separation distances z of 3.7 mm and 
29.9 mm respectively. In Figure 4, the upper plot (z 
= 3.7 mm) shows clearly some similarities between 
the two signals while, in the lower plot (z = 29.9 
mm), there is little correlation. A comparison of the 
two plots suggests a decrease in signal correlation 
with increasing probe distance. Figure 4 implies the 
existence of large transverse flow structures with 
transverse scales of less than 30 mm. The large 
eddies are responsible for the advection of the air 
bubbles and air-water packets. 
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Figure 4. Raw signals of two single-tip conductivity probes 
with transverse distance z, dc/h = 1.15, Re = 1.7×105, step 18, 
y = 0.022 m, C = 0.25, F = 150 Hz: upper plot: (Rxz)max = 0.522, 
z = 3.7 mm; lower plot: (Rxz)max = 0.099, z = 29.9 mm 
 
Based upon the technique of CHANSON & 
CAROSI (2007a), the auto- and cross-correlation 
analyses were performed on the output signals of the 
two single-tip conductivity probes. The results 
yielded the auto- and cross-correlation functions Rxx 
and Rxz, and the maximum correlation coefficient 
(Rxz)max. The integration of the correlation function 
between the maximum correlation and the first zero-
crossing yielded the auto- and cross-correlation 
integral time scales defined as: 
 
 




0
0

xxR
xxxx dRT  (4) 
 
  
 




0
 max

xz
xzxz
R
RR
xzxz dRT  (5) 
where  is the time lag and Rxz is the normalised 
cross-correlation function between the two probe 
output signals. Txx is the auto-correlation integral 
time scale which represents the longitudinal air-
water flow structure. Txz characterises the transverse 
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vortices advecting the air-water flow structure and is 
a function of the probe separation distance. 
The integration of (Rxz)max, between the maximum 
correlation and the maximum separation for which 
the correlation tended to zero, yielded the transverse 
integral turbulent length scale: 
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and the turbulent integral time scale: 
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Some streamwise integral turbulent length scales Lxx 
were also calculated. The calculation was based 
upon Taylor's hypothesis of frozen turbulence: 
 
xxxx TVL   (8) 
 
Equation (8) yielded a characteristic longitudinal 
size of the large advection vortices. 
3 EXPERIMENTAL RESULTS OF THE 
PRESENT STUDY 
The new experiments gave an extensive data set for 
a characterisation of the highly complex skimming 
flows. Basic air-water flow properties included the 
distributions of void fraction, bubble count rate and 
interfacial velocity for all experimental runs. The 
data yielded air-water flow properties that were close 
to and consistent with earlier studies on stepped 
spillways (GONZALEZ and CHANSON 2004, 
CHANSON & CAROSI 2007a).  
Figure 5 illustrates some typical dimensionless 
distributions of void fraction and interfacial velocity 
at one step edge. The void fraction distributions 
compared well with the advective diffusion equation 
for air bubbles, first derived by CHANSON & 
TOOMBES (2002). The interfacial velocity 
distributions were best fitted by a 1/10 power-law 
function for y/Y90 < 1 and by a uniform profile for 
y/Y90 > 1 (GONZALEZ 2005). These theoretical 
approximations are shown in Figure 5. 
The complete air-water properties and the whole 
data set of the present study are available in 
FELDER & CHANSON (2008). In the present  
paper, the experimental observations of some 
turbulence properties are presented. 
3.1 Turbulence intensity distributions 
With the double-tip conductivity probe, 
measurements were performed at all steps 
downstream of the inception point of air 
entrainment. The turbulence intensities were 
calculated for a wide range of discharges. 
V/V90, C
y/
Y 9
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
0
0.3
0.6
0.9
1.2
1.5
1.8 V/V90, dc/h = 2.6  step 16
1/10 power law
V/V90 = 1
C, dc/h = 2.6  step 16
Theory C, dc/h = 2.6  step 16
 
Figure 5. Dimensionless distributions of void fraction C and 
interfacial velocity V/V90 – comparison with theories, dc/h = 
2.6, Re = 5.8×105; double-tip probe 
 
Note that Equation (3) was not strictly comparable to 
the turbulence intensity in mono-phase flows 
because the velocity determination in air-water flows 
is spatially-averaged. However the distributions of 
the interfacial velocity fluctuations provided both 
qualitative and quantitative information on the 
turbulence field in the two-phase flow mixture. 
Typical turbulence intensity distributions are 
illustrated in Figure 6 as functions of the 
dimensionless distance normal to the pseudo-bottom 
y/Y90 for a flow rate at several successive step edges. 
The void fraction distribution for a step edge is also 
added for completeness. 
Two different shapes for the turbulence intensity Tu 
distributions were observed consistently. The first 
type is illustrated in Figure 6 with dotted lines. For 
that shape, the turbulence maxima were observed for 
void fractions between 0.4 and 0.6, while the second 
shape shows distributions with lesser maximum 
turbulence values at locations corresponding to 
smaller void fractions. Both type of turbulent 
intensity profiles alternated every two steps. The 
alternation was believed to be caused by vortex 
shedding downstream of the step edge and the 
interactions with the next step edge. The turbulence 
intensity distributions for all experiments showed 
some maximum values up to 150% in the 
intermediate flow region (0.3 < C < 0.7), and the 
findings were consistent with earlier observations in 
stepped spillway models (e.g. CHANSON & 
TOOMBES 2002, GONZALEZ 2005, CHANSON 
& CAROSI 2007a). 
The intermediate region (0.3 < C < 0.7) was located 
in the bulk of the flow with comparable air and 
water volume ratios. There, collisions, deformations 
and reformations of water droplets and air bubbles 
were very energetic processes that caused significant 
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energy dissipation and were linked with high 
turbulence levels. In contrast, close to the pseudo-
bottom in the bubbly flow region (C < 0.1), and in  
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Figure 6. Dimensionless distributions of void fraction C and 
turbulence intensity Tu - illustration of two shape types, dc/h = 
1.7, Re = 3.1×105; double-tip probe  
 
the spray region (C > 0.9), the turbulence level Tu 
was about 25 to 50%.The turbulence intensity 
distributions in two-phase skimming flows differed 
significantly from observations in mono-phase flow 
upstream of the inception point by AMADOR et al. 
(2006). These measurements had similar shapes to 
those observed in open channel flows (e.g. NEZU & 
NAZAGAWA 1993), but with larger intensities 
close to 100% near the pseudo-bottom. CHANSON 
& TOOMBES (2002) explained the significant 
increase in turbulence levels in two-phase flows on 
stepped spillways by the interactions between 
entrained air bubbles and turbulent structures. Large 
amounts of air entrained downstream of the 
inception point yielded strong turbulence 
interactions between air bubbles and water droplets 
in the air-water flow region of 0.05 < C < 0.95. 
These dynamic processes seemed to be linked with 
large air-water velocity fluctuations and high 
turbulence intensities. 
The relationship between the amount of entrained air 
and the turbulence levels is illustrated in Figure 7, 
where Tu is presented as a function of the 
dimensionless bubble count rate F×dc/Vc, where Vc is 
the critical velocity. Following CHANSON & 
TOOMBES (2002), this relationship was correlated 
by a power law 
b
c
c
V
dFaTu 		





 
 25.0  (9) 
where a is a proportionality constant and b is a 
constant which expresses the rate of increase in 
turbulence level as a function of the bubble count 
rate. Equation (9) reflects a monotonic increase of 
Tu with increasing bubble count rate. A bubble 
count rate of 0 yields Tu = 25% that is close to 
measurements in mono-phase flows. 
The present data set identified an alternate trend of 
the exponent b in Equation (9) every two step edges, 
with values larger and smaller than 1. These 
alternations are illustrated with trend-lines in Figure 
7 and they correlate well with the two observed 
shape types shown in Figure 6. For b < 1, the 
increase of Tu with increasing bubble count rate is 
smaller than for the case b > 1. 
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Figure 7. Relationship between turbulence intensity and 
dimensionless bubble count rate; trendlines of two steps 
alternations; dc/h = 1.7, Re = 3.1×105; double-tip probe  
 
 
Figure 8. Sketch of cavity recirculation, vortex shedding and 
shear layer in a skimming flow above a step cavity 
 
The present findings confirmed a monotonic 
relationship between bubble count rate and 
turbulence intensity, but highlighted two trends. The 
alternating trend every two step edges seemed to be 
linked with a characteristic seesaw pattern observed 
for several basic air-water flow properties in 
skimming flows on stepped spillways (e.g. 
YASUDA & CHANSON 2003, THORWARTH & 
KÖNGETER 2006, FELDER & CHANSON 2008). 
The alternation was believed to result from the 
interactions between cavity recirculation, main 
stream turbulence and free-surface aeration. At each 
step edge, a shear layer develops and causes some 
momentum transfer between main stream flow and 
the cavities (Fig. 8). Behind each step edge, vortices 
develop in the wake of the step edge associated with 
an advection of vorticity (GONZALEZ & 
CHANSON 2004). The shear layer and the vortices 
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impact on the downstream step flow and interfere 
with the physical process at the next step edge. The 
interactions between the shear layer and the adjacent 
step edge might cause the illustrated alternation (Fig. 
6 & 7). 
 
3.2 Integral turbulent length and time scales 
Extensive measurements were conducted with an 
array of two identical single-tip conductivity probes 
and the data processing yielded the distributions of 
integral turbulent time and length scales at five step 
edges and for three discharges. 
The distributions of integral turbulent scales had 
characteristic shapes that were typical for most 
measurements and similar to the earlier results of 
CHANSON & CAROSI (2007a). Figure 9 illustrates 
typical distributions of transverse integral turbulent 
length and time scales Lxz and Tint respectively and of 
the streamwise advection integral turbulent length 
scale Lxx. All integral scale distributions are 
illustrated in dimensionless terms as a function of 
y/Y90. For completeness, the void fraction 
distribution is shown. 
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Figure 9. Dimensionless distributions of integral turbulent 
length Lxz/Y90 and time Tint×sqrt(g/Y90) scales and advection 
integral scales Lxx/Y90; dc/h = 1.15, Re = 1.74×105, step 18; two 
single-tip probes; void fraction distribution added 
 
Firstly, for 0  C  0.97 the distributions of Tint, Lxx 
and Lxz showed shapes with maximum values 
approximately in the intermediate flow region for 
0.5  C  0.7 (Fig. 9). For very small void fractions 
the distributions tended to zero. Secondly, a marked 
change in the distributions of Tint and Lxz was seen 
for C > 0.97. These results were consistent with the 
earlier findings of CHANSON & CAROSI (2007a). 
The results highlighted an upper spray region for C 
> 0.95 where the ejected spray did not interact with 
the rest of the flow. Thirdly, the shapes of transverse 
integral turbulent length scales Lxz and of advection 
turbulent length scales Lxx showed similar shapes for 
C  0.95. For C > 0.95 the distributions of Lxx and 
Lxz showed some significant deviations. These 
deviations tended to support the observations of the 
difference of the upper spray region from the rest of 
the flow. 
The present observations identified also some 
characteristic maxima of transverse integral 
turbulent length and time scales, and of streamwise 
advection integral turbulent scales. Table 2 
summarises the characteristic maximum values and 
they are compared with the data of CHANSON & 
CAROSI (2007a) [GH_06] obtained with 0.10 m 
high steps and the same bed slope ( = 21.8º). In 
Table 2, the median values are also shown. 
Altogether, the integral turbulent length and time 
scale and advection turbulent length scale data were 
documented for seven step edges. Overall, for a 
stepped spillway model with a slope of 21.8°, the 
median values of the dimensional characteristic 
maximum scales were: (Lxx)max = 14.1 mm, (Lxz)max = 
13.4 mm and (Tint)max = 2.7 ms. 
 
 Median Present study 
(h = 0.05 m) 
GH_06  
(h = 0.1 m) 
dc/h  1.15  1.15 2.3 2.3 2.9 1.15 1.45 
Step       10 18 17 20 20 10 10 
Y90 [mm]  69.2 33.4 35.4 69.2 85.9 97.8 59.8 73.5 
(Lxx)max [mm]  14.1 10.1 14.6 14.1 11.2 12.9 15.7 18.3 
(Lxz)max [mm] 13.4 9.3 14.1 15.2 10.9 12.6 13.4 16.9 
(Tint)max [ms]  2.7 2.6 3.8 2.7 2.3 2.3 3.7 3.5 
(Lxx)max/dc  0.127 0.176 0.255 0.123 0.097 0.089 0.137 0.127 
(Lxz)max/dc 0.117  0.161 0.245 0.133 0.096 0.087 0.116 0.117 
cdgTint
 0.029  0.034 0.049 0.025 0.021 0.019 0.034 0.029 
Table 2. Presentation of characteristic advection length scales 
(Lxx)max, transverse integral turbulent time and length scales 
(Tint)max and (Lxz)max of the present study and of CHANSON & 
CAROSI (2007a) [GH_06]; (Note: (Lxx)max and (Tint)max valid 
for 0  C  0.97) 
 
The present observations confirmed the 
dimensionless relationships between integral 
turbulent scales and void fraction first proposed by 
CHANSON & CAROSI (2007a). For the combined 
data sets of both studies the self-similar relationships 
were best correlated by skewed parabolic laws:  
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The self-similarity relationships are illustrated in 
Figure 10 for one step edge. Equations (10) to (12) 
correlated reasonably well with the data for all 
distributions. In the upper spray region, the 
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distributions of Lxx and Tint increased sharply due to 
the difference in the upper spray region. 
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Figure 10. Dimensionless relationship between integral 
turbulent length Lxz/Y90 and time Tint×sqrt(g/Y90) scales and 
advection integral scales Lxx/Y90 and void fraction C; dc/h = 2.3, 
Re = 4.85×105, step 20; two single-tip probes 
 
3.3 Discussion 
A comparison of the turbulence intensities Tu and 
transverse integral turbulent length scales Lxz was 
performed to identify similarities between turbulence 
properties. These similarities might identify the most 
significant flow regions for turbulence processes in 
skimming flows. The comparison was conducted on 
the transverse integral turbulent length scales since 
the calculations of both Lxz and Tu were based upon 
the cross-correlation analyses of the raw signals. 
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Figure 11: Comparison of transverse integral turbulent length 
scales Lxz/Y90 and turbulence intensity Tu for dc/h = 1.15, 2.3, 
2.9 at respectively three steps downstream of the inception 
point; void fraction distribution added 
 
In Figure 11, some dimensionless distributions of 
turbulence level Tu and of integral turbulent length 
scale Lxz/Y90 are presented as functions of y/Y90 for 
several discharges. In each case, the data were 
collected at three step cavities downstream of the 
inception point. The void fraction distribution for 
one flow rate is shown for completeness. 
All distributions showed some characteristic shapes 
with local maxima in the intermediate flow region 
for 0.3 < C < 0.7. They further showed that the 
maxima in Lxz and Tu occured for almost identical 
void fraction. In the intermediate flow region, both 
the largest advecting vortices and largest turbulence 
intensities were observed. That is, this region played 
a significant role for the development of large eddies 
and for turbulent kinetic energy dissipation.   
Figure 11 highlights further a decrease of 
dimensionless integral turbulent length scales Lxz/Y90 
with increasing discharge and interfacial velocity. 
Figure 12 reflects the trend for several discharges at 
respectively three steps downstream of the inception 
point in terms of the characteristic maxima of 
transverse integral turbulent time 
   cdgT maxint and length (Lxz)max/dc scales and 
streamwise advection turbulent length scale 
(Lxx)max/dc decreased with increasing Reynolds 
number Re. An increase in Reynolds number 
corresponds to an increase of discharge. 
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Figure 12: Dimensionless relationship between characteristic 
integral turbulent length (Lxz)max/dc and time (Tint)max×sqrt(g/dc) 
scales and characteristic advection turbulent scales (Lxx)max/dc 
and Reynolds number Re; h = 0.05; three steps downstream of 
inception point; two single-tip probes 
 
For the present study, the dimensionless relationship 
between flow Reynolds number and integral 
turbulent time and length scales at three steps 
downstream of the inception point were best 
correlated by: 
Re1069.120.0)( 7max  
c
xx
d
L  (13) 
 
Re1023.118.0)( 7max  
c
xz
d
L  (14) 
 
    Re1098.204.0 8maxint  cdgT  (15) 
These self-similar relationships are valid for 
Reynolds numbers of almost one magnitude between 
1.7×105 and 6.9×105. They are shown in Figure 12 
and the results seemed independent of geometric 
scaling. An extrapolation at larger Reynolds 
numbers and for prototype conditions might to be 
possible. 
4 CONCLUSIONS 
An experimental study was conducted on a stepped 
spillway model for a broad range of discharges in 
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turbulent skimming flows to gain some information 
on the turbulence properties. The turbulence 
intensities were measured with a double-tip 
conductivity probe. The results showed an 
alternation of two different vertical profiles. This 
alternation seemed to be caused by complex 
interactions between recirculation motion in the 
cavities and the turbulent main stream flow, as well 
as interactions with the free-surface and interactions 
between flow processes in different flow regions. 
With an array of two single-tip probes, transverse 
integral turbulent time and length scales were 
measured at several step edges. The observations of 
the integral turbulent scale distributions confirmed 
the earlier findings of CHANSON & CAROSI 
(2007a) highlighting a major difference between the 
upper spray region and the rest of the flow. The data 
set yielded some characteristic dimensional and 
dimensionless maxima values of the integral 
turbulent scales and some self-similar relationships 
that seemed independent of the geometric scaling. 
Furthermore a linear self-similarity between 
dimensionless integral turbulent scales and the 
Reynolds number was observed at respectively three 
steps downstream of the inception point. 
A comparison between the distributions of 
turbulence intensities and transverse integral 
turbulent length scales was performed and showed 
some similarity. The largest turbulence intensities 
and the largest integral turbulent scales were 
observed in the bulk of the flow. In that intermediate 
region (0.3 < C < 0.7), large amounts of energy were 
dissipated by a combination of mechanisms, 
including air bubble entrainment, droplet generation 
and ejection, and particle break-up. 
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